Background: Decompressive hemicraniectomy (DHC) is a life-saving procedure for treatment of large malignant middle cerebral artery (MCA) strokes. Post-stroke epilepsy is an additional burden for these patients, but its incidence and the risk factors for its development have been poorly investigated. Objective: To report the prevalence and risk factors for post-stroke seizures and post-stroke epilepsy after DHC for treatment of large malignant MCA strokes in a cohort of 36 patients. Methods: In a retrospective cohort study of 36 patients we report the timing and incidence of post-stroke epilepsy. We analyzed if age, sex, vascular risk factors, side of ischemia, reperfusion therapy, stroke etiology, extension of stroke, hemorrhagic transformation, ECASS scores, National Institutes of Health Stroke Scale (NIHSS) scores, or modified Rankin scores were risk factors for seizure or epilepsy after DHC for treatment of large MCA strokes. Results: The mean patient follow-up time was 1,086 days (SD = 1,172). Out of 36 patients, 9 (25.0%) died before being discharged. After 1 year, a total of 11 patients (30.6%) had died, but 22 (61.1%) of them had a modified Rankin score ≤4. Thirteen patients (36.1%) developed seizures within the first week after stroke. Seizures occurred in 22 (61.1%) of 36 patients (95% CI = 45.17-77.03%). Out of 34 patients who survived the acute period, 19 (55.9%) developed epilepsy after MCA infarcts and DHC (95% CI = 39.21-72.59%). In this study, no significant differences were observed between the patients who developed seizures or epilepsy and those who remained free of seizures or epilepsy regarding age, sex, side of stroke, presence of the clinical risk factors studied, hemorrhagic transformation, time of craniectomy, and Rankin score after 1 year of stroke. Conclusion: The incidence of seizures and epilepsy after malignant MCA infarcts submitted to DHC might be very high. Seizure might occur precociously in patients who are not submitted to anticonvulsant prophylaxis. The large stroke volume and the large cortical ischemic area seem to be the main risk factors for seizure or epilepsy development in this subtype of stroke.
Introduction
Stroke is the second most common cause of mortality and the major cause of disability in the world [1] . It is also a common cause of epilepsy [2] [3] [4] [5] . In patients older than 65 years, stroke is the main cause of newly diagnosed epilepsy [6, 7] . As the prevalence of post-stroke epilepsy increases with age [8] , and worldwide life expectancy is increasing, post-stroke epilepsy prevalence tends to increase, affecting a growing number of individuals for a longer period of time. Post-stroke seizures or post-stroke epilepsy are additional burdens for stroke patients, increasing stroke morbidity and mortality [9] . Antiepileptic drugs might decrease cognition and rehabilitation, having an impact in the long-term quality of life of these patients [10, 11] .
Stroke is not a homogeneous pathology, and characteristics of stroke subtypes substantially affect the risks and forms of post-stroke seizures and epilepsy [12] . Good examples are the large middle cerebral artery (MCA) strokes, which have been associated with high rates of seizures and epilepsy. The diagnosis of MCA infarction is usually based on typical clinical presentation, development, and neuroimaging findings. Patients with subtotal or complete MCA infarctions typically present with head and eye deviation, paralysis of one side of the body, severe sensory deficits, and global aphasia when the dominant hemisphere is compromised [13] . Patients with malignant MCA infarctions show a progressive deterioration of consciousness over the first 24-48 h and commonly have a reduced ventilatory drive, requiring mechanical ventilation [13] . No medical treatment has been proven effective for malignant MCA ischemic stroke [14] . Decompressive surgery undertaken within 48 h of stroke onset reduces mortality and increases the number of patients with a favorable functional outcome [15] . As far as we know, only 2 previous studies were conducted to specifically investigate the incidence of and the risk factors for seizure or epilepsy in malignant stroke of the MCA [16, 17] . Here, we report the results of a retrospective cohort study of 36 patients with malignant stroke of the MCA submitted to decompressive hemicraniectomy (DHC), analyzing the incidence of and the risk factors for seizure or epilepsy development in these patients. We believe these results might contribute to the understanding of the characteristics and risk factors for seizures in patients with large MCA strokes, aiding in the planning of new treatment strategies for post-stroke epilepsy in this group of patients.
Material and Methods

Patients
After approval by the Ethics Committee of our institutions, we selected all patients submitted to DHC for malignant stroke of the MCA from March 2003 to January 2015. Thirtysix patients were eligible and included in this study. Variables studied included age, sex, side of stroke, presence of clinical pathologies, hemorrhagic transformation, time of craniectomy, and Rankin score after 1 year. Patients were classified into different groups according to the presence of seizures or post-stroke epilepsy, and variables were compared to investigate risk factors for seizures or epilepsy. A patient was considered to have a seizure if the event was witnessed and the description was compatible with a focal or generalized seizure. In those patients who were in hospital or in those in whom that event was not clear enough, a prolonged EEG was obtained in order to improve diagnosis accuracy. A patient was considered to have epilepsy according with definitions of the ILAE [18] . Patients with epilepsy were defined as (1) those who experienced 1 or more seizures and if their EEG showed unequivocal epileptiform abnormalities; and (2) patients who had to be treated chronically with anticonvulsant drugs or if antiepileptic drugs had to be reintroduced after they had been discontinued because of seizure recurrences. The protocol was approved by the Ethics Committee of our institutions and was conducted according to the principles expressed in the Declaration of Helsinki. Our study is in accordance with the STROBE requirements.
Surgical Procedures
Patients with large MCA territory ischemic strokes and with risk of herniation were offered a DHC at our institutions during the first 72 h, but seeking the procedure in the first 48 h after stroke. In our cohort, most patients were submitted to DHC within the first 48 h from stroke onset. Decompressive surgery was performed according to what is recommended in the literature [19] . No prophylactic anticonvulsant therapy was used, and patients received antiepileptic drugs only if they presented seizures.
Statistical Analysis
Categorical data were compared using the Fisher exact test, and results are expressed in odds ratios and 95% confidence intervals (CI). Numerical variables were compared using the Student independent t test, and results are expressed in means and standard deviations (SD). Kaplan-Meier survival analysis was used to express development of seizures during time of patient follow-up. Results were considered significant if p < 0.05. The software IBM SPSS Statistics version 20.0 was used for statistical analysis.
Results
The mean patient follow-up time was 1,086 days (SD = 1,172). Patients' characteristics are presented in Table 1 . The mean age of the patients was 58.9 years (SD = 11.9). DHC was performed during the first 24 h in 16 patients (44.4%), between 24 and 48 h in 13 patients (36.1%), and between 48 and 72 h in 6 patients (16.7%). One patient (2.8%) was submitted to DHC after 72 h of stroke onset. Seizures occurred in 22 out of 36 patients (61.1% of patients, 95% CI = 45.17-77.03%), with a mean time for occurrence of 35.0 days (SD = 56.2). Out of 34 patients (95% CI = 39.21-72.59%) who survived the acute period, 19 (55.9%) developed epilepsy. Figure 1 shows the frequency of epileptic seizures and epilepsy in our study compared to the studies by Creutzfeldt et al. [16] and Santamarina et al. [17] .
No significant differences were observed between the 22 patients who developed seizures and those who remained without seizures regarding age, sex, side of stroke, presence of the clinical risk factors studied, hemorrhagic transformation, time of craniectomy, and Rankin score 1 year after stroke ( Table 2) . With similar results, no significant differences were observed between the 19 patients who developed epilepsy and those who remained without epilepsy regarding age, sex, side of stroke, presence of the clinical risk factors studied, hemorrhagic transformation, time of craniectomy, and Rankin score 1 year after stroke (data not shown). Ten patients (27.7%) who underwent DHC achieved a modified Rankin score ≤3 at the 1-year follow-up. Figure 2 shows outcome on modified Rankin scale at discharge as well as 6 and 12 months after stroke onset in this study compared to the analysis of Vahedi et al. [15] . Figure 3 shows Kaplan-Meier seizure-free curve after decompressive hemicraniectomy. Values are presented as n (%), unless otherwise indicated. MCA, middle cerebral artery; ACA, anterior cerebral artery; PCA, posterior cerebral artery; ASPECTS, Alberta stroke program early CT score; ECASS, European Cooperative Acute Stroke Study; NIHSS, National Institutes of Health Stroke Scale. 
Discussion
We observed that seizures occurred in 22 (61%) out of 36 patients. Out of 34 patients who survived the acute period, 19 (56%) developed epilepsy after malignant MCA infarcts and DHC. These high rates are comparable to those reported by 2 recent studies which also examined this question [16, 17] . In our study, no variables were detected as risk factors for seizure or epilepsy development in this stroke subtype. Taken together, our results confirm that seizures or epilepsy are very frequent in patients with malignant MCA infarcts submitted to DHC, but no particular variable could be detected as a risk factor for their development.
To date, relatively few studies have reported frequencies of seizures or post-stroke epilepsy after malignant MCA infarcts submitted to DHC. The high proportion of seizures or epilepsy observed by us is in line with what has been previously reported in the literature [16, 17] . However, since all data regarding seizure or post-stroke epilepsy in DHC MCA infarction are retrospective, and studies have evaluated a relatively small number of patients, these observed frequencies are in need of further confirmation in large prospective studies. Two randomized controlled multicenter trials for DHC after malignant MCA stroke were conducted: DESTINY (Decompressive Surgery for the Treatment of Malignant Infarction of the MCA) [20] and HAMLET (Hemicraniectomy after MCA Infarction with Life-Threatening Edema Trial) [21] . However, unfortunately, these studies did not report on risk factors for seizures or epilepsy, seizure or epilepsy incidence, timing of seizure onset, or the effect of seizures or epilepsy on mortality or patient quality of life. Thus, risk factors for post-stroke seizures or epilepsy as well as their magnitude and impact on morbidity, mortality, or patient quality of life need further confirmation from large prospective studies designed for this purpose.
Although DHC has proven to significantly reduce mortality, the degree of disability of its survivors has provoked an intense discussion in the literature [22] [23] [24] . This important question has been overlooked because most studies evaluated disability based exclusively on the Rankin scale. Few studies have evaluated other aspects of DHC for large MCA stroke, such as its impact in epilepsy development or in the quality of life of patients. In this area, Creutzfeldt et al. [16] retrospectively reviewed 55 patients submitted to DHC for malignant MCA infarcts. Twenty-seven (49%) of these patients had seizures, and 25 (45%) of them developed post-stroke epilepsy. These results are consistent with those recently reported by Santamarina et al. [17] , who evaluated 80 patients and observed seizure occurrence in 47.5% of all patients and in 53.7% of survivors. However, in contrast to our patients, who developed most seizures during the first week, in both these previous studies, the median time from stroke to first seizure were 222 and 221 days, respectively. On the other hand, the earlier seizure onset observed by us is compatible with other previous studies, where the highest risk for seizures in ischemic stroke patients without DHC was also observed within the first week and declined over the subsequent months [2] . This discrepancy in time until seizure onset between studies might perhaps be explained by the presence or absence of early anticonvulsant prophylaxis. Thus, it is possible that anticonvulsant prophylaxis can prevent acute seizures, but not epilepsy development in these patients. A similar situation is observed for seizures after trau- matic brain injury, where evidence suggests that prophylactic anticonvulsants prevent early seizures but not late seizures or post-traumatic epilepsy [25] . Based on this evidence, the American Academy of Neurology recommend the use of anticonvulsant prophylaxis during the first weeks after traumatic brain injury [26] . Therefore, and considering the high prevalence of seizure or epilepsy after DHC for malignant MCA infarcts, it should be considered to recommend anticonvulsant prophylaxis in patients with malignant MCA stroke, at least for the first weeks during which patients are in acute critical period. Thus, prospective studies need to be conducted to evaluate potential benefits of anticonvulsant prophylaxis in DHC for malignant MCA stroke. Also, in our study, we could not observe a clear association of seizure with cranioplasty or clusters of seizure around the time of cranioplasty. Since the frequency of seizures observed in the studies is equally high, if there is an effect of cranioplasty on seizure or epilepsy development, it should be small. This is further supported by Walcott et al. [27] , who estimated that cranioplasty would be responsible for increasing the risk of new seizures in only 3.3% of patients. Creutzfeldt et al. [16] and Santamarina et al. [17] also studied several plausible variables as risk factors for seizures or epilepsy development after stroke. Male sex and timing of DHC were the only factors associated with an increased risk for seizure or epilepsy development after DHC for malignant MCA infarcts in these studies. In our study, we failed to observe any risk factor for seizure or epilepsy development after DHC for malignant MCA infarcts. However, as we performed DHC no longer than 72 h after stroke for all patients, except for 1, with most patients treated before 48 h, and since we studied a smaller number of patients, we could not appropriately evaluate the effect of timing of DHC on seizure onset. Also, we could not confirm that gender affects seizure predisposition. However, the question of gender in epilepsy has been studied in other situations. For example, in one study, Burneo et al. [28] reported that females failed more than males in becoming seizure-free after epilepsy surgery, a finding that was not confirmed by later observations [29, 30] . Also, female [31] and male [32] sex were both associated with an increased predisposition to seizures or epilepsy after stroke, findings that could not be confirmed by posterior studies. Thus, the question whether timing of DHC or gender are risk factors for seizure or epilepsy development after DHC for malignant MCA infarcts is interesting but remains to be confirmed. In our view, it is possible that no isolated risk factor for seizure or epilepsy can be easily identified in malignant MCA infarcts. We discuss here 3 possible explanations for this fact. First, the greatest risk factor for post-stroke seizures in DHC seems to be related with the large stroke volume and the large cortical involvement itself. Cortical involvement is a wellknown factor associated with post-stroke seizures [33] . In the DECIMAL trial (Decompressive Craniectomy in Malignant MCA Stroke) [34] , the authors observed that 6 (40%) of 15 patients developed seizures after DHC, but 2 (50%) of 4 survivors without DHC also presented seizures, an observation suggesting that seizures or epilepsy are characteristics of the large MCA stroke area or volume and cannot be attributed solely to DHC. Second, the degree of inflammatory response must also be considered. Preclinical evidence suggests that there is an important inflammatory response after large MCA infarcts [35] . Recent evidence suggests an important role of inflammation in seizure or epilepsy development [36] . Thus, the inflammatory response that follows malignant MCA stroke might well have a role in seizure or epilepsy development in these patients. However, this inflammatory response is inherent to these large strokes and cannot be easily investigated. Finally, large middle cerebral infarction encompasses the motor cortex and might evolve to the temporal lobe as well, regions commonly involved in seizures or epilepsy [17] . These 3 characteristics are common to large MCA infarcts and may contribute significantly to seizure or epilepsy development, perhaps overshadowing other eventual clinical variables that could be investigated as risk factors for seizure or epilepsy in these patients. In our view, these aspects, associated with the relatively small number of patients included in the studies of seizures or epilepsy after DHC for malignant MCA infarcts so far, could explain the absence of clinical variables identified as predictors of seizures or epilepsy in these patients. Because of the significant rates of seizures and epilepsy in malignant MCA infarction and their implications for functional recovery and patient quality of life, we agree with other authors that it is perhaps time to consider strategies for preventing seizure or epilepsy development in this group of patients [16, 17] . According to our observations, seizures might occur very early if patients are not submitted to seizure prophylaxis. In this context, seizures and epilepsy, as well as their treatment might have different prognostic results [37] [38] [39] . Thus, our results reinforce the need for prospective randomized and controlled trials for seizure prophylaxis and epilepsy treatment in these patients.
We recognize that our study has limitations. It has a retrospective design, with a relatively small sample size. In this scenario, negative results need to be interpreted with caution due to a lack of statistical power. However, our patients had similar seizure or epilepsy rates as those reported by other authors, and the functional outcome of patients overlaps with other studies of DHC for stroke with large samples. Thus, based on our results and those of the other 2 studies, seizures or epilepsy seem to be very common in patients treated with DHC for MCA stroke and protocols for their management need to be developed.
In summary, we confirmed a high incidence of seizures and epilepsy in malignant MCA infarcts and observed that seizures and epilepsy could occur precociously in patients who are not submitted to anticonvulsant prophylaxis. Considering the high rates of seizures and epilepsy in these patients, trials with anticonvulsant prophylaxis might be welcome. If anticonvulsant prophylaxis would not reduce epileptogenesis, it could reduce seizures during the first weeks, perhaps having a positive impact on mortality or functional recovery in this catastrophic form of stroke.
